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PCR amplicons of the Internal Transcribed Spacer (ITS) of the rrn operon of
three axenic OMF (oceanic, marine and freshwater) strains of ‘Synechococcus’
(WH7803, PCC 7001 and PCC 6307, respectively) differ greatly in length from
that of the axenic Prochlorococcus marinus subsp. pastoris PCC 9511T, although
these four cyanobacteria cluster relatively closely in phylogenetic trees
inferred from 16S rRNA gene sequences. The ITSs of three strains (PCC 9511T,
PCC 6307 and PCC 7001) were sequenced and compared with those available
for strains Prochlorococcus MED4 (CCMP 1378) and MIT9313 from genome
sequencing projects. In spite of large differences in length, sequence and mean
DNA base composition, conserved domains important for transcriptional
antitermination and folding of the rRNA transcripts were identiﬁed in all ITSs.
A new group-speciﬁc primer permitted ITS ampliﬁcation even with non-axenic
isolates of Prochlorococcus and one OMF-‘Synechococcus’ strain.
Prochlorococcus isolates of the high-light-adapted clade (HL) differed from
representatives of the low-light-adapted clade (LL) by the length of their ITS.
Restriction fragment length polymorphism (RFLP) of the ITS amplicons
revealed three subclusters among the HL strains. Size, sequence data and RFLP
of the ITS amplicons will therefore be valuable markers for the identiﬁcation
of different Prochlorococcus genotypes and for their discrimination from other
cyanobacterial relatives with which they often co-exist in oceanic ecosystems.
Keywords: Prochlorococcus marinus subsp. pastoris PCC 9511T, cyanobacteria, group-
speci®c ITS primers, oceanic, coastal marine and freshwater
`Synechococcus', secondary structure of the rrn operon
INTRODUCTION
Members of the genus Prochlorococcus were ®rst
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The GenBank accession numbers for the ITS amplicon sequences reported
in this paper are AF387607 (PCC 9511T), AF387610 (PCC 6307), AF387608
(PCC 7001) and AF387609 (PCC 7941).
discovered in 1988 with the aid of ¯ow cytometry and
this taxon was formally described by Chisholm et al.
(1992) on the basis of the non-axenic type strain
Prochlorococcus marinus CCMP 1375T, isolated from
the Sargasso Sea and also known as strain SS120. With
celldiametersbetween0±5and0±8 lm,andanabundance
of up to 5¬10& cells ml−", these oxygen-evolving photo-
synthetic prokaryotes occur throughout the euphotic
zone, from surface layers to depths of 150±200 m, and
play an important role for global primary production in
tropical and temperate oceans (for a review, see
Partensky et al., 1999). Although members of the
cyanobacterial phylogenetic lineage (Palenik & Hasel-
korn, 1992; Urbach et al., 1992; Turner, 1997), these
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oxyphototrophs diﬀer from more typical cyanobacteria
bylackingphycobilisomesandsynthesizingdivinyl(DV)
derivatives of chlorophylls a and b (Partensky et al.,
1999). Trace amounts of a novel type of phycoerythrin,
or the genes encoding this phycobiliprotein, have
been identi®ed in some members (Hess et al., 1996,
1999; Penno et al., 2000).
Based on their preferential habitats, surface waters or
deep layers receiving high or low irradiance, respect-
ively, DV-chlorophyll b}a ratios and phylogenetic pos-
ition deduced from 16S rRNA gene analyses, three
subgroups have been recognized among isolates and
environmental samples of Prochlorococcus (Morel et
al., 1993; Partensky et al., 1993; Moore et al., 1995,
1998; Palenik, 1994; Urbach et al., 1998; West &
Scanlan, 1999; West et al., 2001; see also Partensky et
al., 1999). Two of these (HLI and HLII) are group
members of the `high-light-adapted clades' (HL) that
proliferate in surface layers of the oceans and have a
very low DV-chlorophyll b}a ratio. The third, loosely
de®ned as the `low-light-adapted clade' (LL), is com-
posed of genetically more diverse ecotypes that exhibit
higher DV-chlorophyll b}a ratios and occur prefer-
entially at depths of more than 100 m. However, the
vertical positioning is in¯uenced by the degree of
strati®cation of the water columns, more extensive
mixing leading to the co-existence of both HL and LL
ecotypes at the same depth (Moore et al., 1998; Ferris &
Palenik, 1998). In addition, the relative abundance and
depth distribution of members of the HLI and HLII
subclades (West & Scanlan, 1999) may diﬀer strikingly,
depending on the geographical region (West et al.,
2001).
The axenic Prochlorococcus marinus subsp. pastoris
strain PCC 9511T has a low mean DNA base com-
position (32 mol% G­C) and a small genome (2 Mbp)
(Rippka et al., 2000). However, as inferred from 16S
rDNA sequence analysis, the closest phylogenetic rela-
tives of Prochlorococcus isolates or environmental
clones(Urbachet al.,1998;West&Scanlan,1999; West
et al., 2001) are some unicellular cyanobacteria of the
genetically diverse `Synechococcus' group (Waterbury
& Rippka, 1989; Turner, 1997; Honda et al., 1999;
Herdman et al., 2001). These are all of relatively
small diameter (0±8±1 lm), span a mean DNA base
composition in the range of 55±70 mol% G­C
(Herdman et al., 1979b, 2001; Waterbury et al., 1986;
Waterbury & Rippka, 1989) and (where known) have a
genome size of about 4 Mbp (Herdman et al., 1979a),
though that of the oceanic `Synechococcus' WH8102 is
only 2±4 Mbp as shown by the genome sequencing
project.`Synechococcus'strainsthatclustermosttightly
with members of Prochlorococcus, and were thus
assigned to the `marine picophytoplankton clade'
(Urbach et al., 1998), have all been isolated from the
open ocean (Waterbury et al., 1986; Waterbury &
Rippka,1989) wheretheyoftenco-exist withProchloro-
coccus populations (Chisholm et al., 1988; Li & Wood,
1988;Olsonetal.,1990; Shimadaetal.,1996; Partensky
et al., 1999). In contrast, `Synechococcus' strains that
are positioned at the root of the former clade (Urbach et
al., 1998; West & Scanlan, 1999; Rippka et al., 2000;
West et al., 2001) are of freshwater origin (Kane et al.,
1997; Postius & Ernst, 1999), or were isolated from a
coastal marine environment (Rippka et al., 2000). To
distinguish the ensemble of these related `Synecho-
coccus' strains (or environmental clones) from other
members of the `Synechococcus' group, that in 16S
rDNA trees are more remote and dispersed in several
distinct phylogenetic lineages (Turner, 1997; Honda et
al., 1999; Herdman et al., 2001; Robertson et al., 2001),
weshallhererefertothemcollectivelyasmembersofthe
oceanic, marine and freshwater (OMF)-`Synecho-
coccus' clade.
For a variety of reasons, precise identi®cation of
cyanobacteria by classical bacteriological criteria is
diﬃcult (Rippka et al., 1979; Castenholz & Waterbury,
1989), but a number of diﬀerent PCR-based strategies
for the genetic characterization of strains, or environ-
mental samples, are now available. Identi®cation of
Prochlorococcus genotypes has been achieved by dif-
ferent molecular approaches (Palenik, 1994; Ferris &
Palenik, 1998; Scanlan et al., 1996; Urbach et al.,
1998; West et al., 1999, 2001), including single-cell
hybridization with labelled probes and detection of the
¯uorescent signals by light microscopy or ¯ow cyto-
metry(Westetal.,2001;Wordenetal.,2000).However,
some of these methods are labour-intensive or are based
on relatively conserved RNA polymerase or 16S rRNA
gene sequences and thus may not provide suﬃcient
resolutiontodistinguishbetweenthediﬀerentProchloro-
coccus genotypes with precision. Furthermore, even
discrimination of some members of Prochlorococcus
fromrepresentativesoftheOMF-`Synechococcus'clade
may be diﬃcult (West et al., 2001). Thus, more speci®c
tools for the distinction within and between these two
groupsoforganismsthatoftensharethesameecological
niche (Chisholm et al., 1988; Olson et al., 1990;
Campbell & Vaulot, 1993; Partensky et al., 1999) are
still desirable.
In a survey of about 320 axenic cyanobacterial strains of
the Pasteur Culture Collection of Cyanobacteria (PCC;
Institut Pasteur, Paris, France), it was observed that the
diﬀerent sizes of the Internal Transcribed Spacer (ITS)
obtained by PCR ampli®cation correlated well (I.
Iteman, unpublished results) with particular strain
clustersingenetically diverse`genera' suchas`Synecho-
coccus'or`Synechocystis'(Waterbury&Rippka,1989;
Rippka & Herdman, 1992; Herdman et al., 2001).
Knowing that the ITS is less conserved than the 16S
rRNA gene in cyanobacteria (Wilmotte, 1994; Neilan et
al., 1997; Otsuka et al., 1999; Iteman et al., 2000), we
have examined the value of this domain for the
genotyping of eight isolates of Prochlorococcus (one
axenic, seven non-axenic) by PCR ampli®cation, se-
quencing and}or RFLP of the ITS regions. For com-
parison, four `Synechococcus' strains of the OMF-
`Synechococcus' clade (three axenic, one non-axenic)
were also included in this study, one of which (PCC
6307) has previously been proposed as the type strain of
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Cyanobiumgracilegen.nov.,sp.nov.Rippka&Cohen-
Bazire 1983 (Koma!rek et al., 1999; Herdman et al.,
2001). However, since the new genus Cyanobium has
not yet been validated under the Bacteriological Code of
Nomenclature and may in the future also be applicable
to some of the other representatives of the OMF-
`Synechococcus' clade, this nomenclatural change has
been avoided here.
METHODS
Cyanobacterial strains. The non-axenic Prochlorococcus
strains NATL2, OLI 36 FJA, GP2 (RCC296), SB (RCC295),
TAK 9803-2 (RCC264) and NATL1-MIT (RCC277) were
obtained from the Culture Collection of the Station Bio-
logique, Roscoﬀ, France (RCC). If still available from
the latter collection, the corresponding RCC numbers are
indicated in parentheses. The non-axenic Prochlorococcus
marinus CCMP 1375T (¯SS120) was kindly provided by Dr
Lisa Moore [Massachusetts Institute of Technology (MIT),
Cambridge, MA, USA]. The axenic strains Prochlorococcus
marinus subsp. pastoris PCC 9511T (Rippka et al., 2000) and
`Synechococcus' PCC 6307 and PCC 7001 were from the PCC
(Rippka & Herdman, 1992). `Synechococcus' WH 7803
(axenic)was receivedfrom DrDebbie Lindell(SteinitzMarine
Biology Lab, Eilat, Israel). `Synechococcus' TAK RED (non-
axenic) was fortuitously selected from the same primary
culture that gave rise to Prochlorococcus TAK 9803-2.
Cultivation of strains. All cultures, except strains PCC 6307
and PCC 7001, were grown at 18±20 °C in liquid medium
PCR-Tu# (Rippka et al., 2000). Strain PCC 6307 was grown at
23 °C in medium BG11 (Rippka et al., 1979). Strain PCC 7001
was cultivated in a mixture (1:1) of media BG11 and ASNIII
(Rippka et al., 1979). For all strains, white light was supplied
by ¯uorescent tubes providing during a light}dark cycle of
14}10 h a photosynthetic photon ¯ux density (PPFD) of
about 20 lm photons m−# s−" (measured with a LICOR LI-
185B quantum}radiometer}photometer equipped with a LI-
190SB quantum sensor). The neon tubes were Duro-Lite
(USA) for all strains, except PCC 6307 and PCC 7001, for
which illumination was with Universal White neon tubes. The
strain of Microcystis aeruginosa, PCC 7941, used in one
control experiment, was grown in medium BG11o (Rippka et
al., 1979) supplemented with NaNO$ (2 mM) and NaHCO$ (10 mM) under the light and temperature regimes described
for strains PCC 6307 and PCC 7001. Several bacterial
contaminants that also served for control PCR reactions were
isolated from Prochlorococcus strains MED4 and SS120 on
platesofmediumPCR-Tu#supplementedwithglucose(0±2%,
w}v), Casamino acids (0±002%, w}v) and Luria Broth (5%,
v}v) (Sambrook et al., 1989) and solidi®ed with washed agar
(0±8%,w}v) (Rippka et al., 2000). Incubation was at 20 °Ci n
the dark. The purity of the axenic Prochlorococcus and
`Synechococcus' strains was routinely checked in the ap-
propriate growth medium with the same supplements as
described for the isolation of the bacterial contaminants, but
solidi®ed with Difco Bacto agar (1%, w}v).
PCR ampliﬁcation of the ITS region. Ampli®cation of the ITS
regions of Prochlorococcus and `Synechococcus' strains was
performed on cells (1±2 ml; OD(&! about 0±1 for Prochloro-
coccus and 0±5±1±0 for `Synechococcus') harvested by centri-
fugation (15 min at 20 °C and 20000 g), washed twice in
150 mMNaClandresuspendedin50±200 llsterileH#OorTE
buﬀer (10 mM Tris, pH 8±0, 0±1 mM EDTA). Aliquots of the
cellsuspensions(1±10 ll)wereeitheruseddirectlyforthePCR
reactions or after lysis by ®ve alternating cycles of freezing in
liquid nitrogen and thawing at 50 °C. The respective standard
forward and reverse primers for ampli®cation were 322 (5«-
TGTACACACCGCCCGTC-3«) and 340 (5«-CTCTGTG-
TGCCTAGGTATCC-3«), previously employed for cyano-
bacteria (Wilmotte et al., 1993; Iteman et al., 1999, 2000).
Primer 322 initiates ampli®cation at a region near the end of
the16SrDNAontheRNA-likestrand(positions1338±1354in
Synechocystis PCC 6803; Escherichia coli numbering 1391±
1407); primer 340 is complementary to a region on the
opposite strand at the beginning of the 23S rDNA (positions
26±45 in both Synechocystis PCC 6803 and E. coli). For the
numbering of the E. coli rrn sequences, see Brosius et al.
(1981). Alternatively, forward primer 600, designed in this
study (5«-CACCTCCTAACAGGGAGACA-3«) and corres-
ponding to the last 10 nt of the 16S rDNA (E. coli numbering
1533±1542) and the ®rst 10 nt of the ITS on the RNA-like
strand in the rrn operon of Prochlorococcus PCC 9511, was
used in combination with reverse primer 340. The higher
speci®city of the latter set of primers for the Prochlorococcus
and `Synechococcus' strains was tested by attempting ITS
ampli®cation on a cell suspension (1 ll, OD(&! about 0±5) of
the cyanobacterium Microcystis aeruginosa PCC 7941 and
lysates (10 ll) of several bacterial contaminants prepared by
alternating cycles offreezing inliquid nitrogen and thawing as
describedabove.PCRampli®cationswithprimers322and340
served as positive controls.
The PCR mixture contained 10 ll Taq commercial buﬀer
(10¬) supplemented with MgCl# to a ®nal concentration of
2 mM, 1±10 ll cells or lysates as templates, 150 lM each
dNTP, 500 ng each primer and 2±5U Taq polymerase
(Promega). The total reaction volume was 50 or 100 ll.
Incubation of the reactions was initially performed in a
Perkin-Elmer Cetus Gene Amp 9700 Thermal Cycler using the
following programme. After an initial cycle consisting of
5 min at 95 °C, 1 min at 55 °C and 30 s at 72 °C, 30 cycles of
ampli®cation were started (1 min at 95 °C, 1 min at 55 °C and
1 min at 72 °C). The reaction was terminated by a cycle of
5 min at 72 °C. For later PCR reactions in a Stratagene
RobocyclerGradient40,theprogrammewasmodi®ed:1cycle
consisting of 5 min at 94 °C, 1 min at 55 °C and 30 s at 72 °C;
30 cycles of 30 s at 94 °C, 30 s at 55 °C and 30 s at 72 °C; the
®nal cycle was 1 min at 95 °C, 1 min at 55 °C and 5 min at
72 °C. Storage of the reactions in both programmes was at
4 °C. A negative control without template was included in
some experiments. The PCR products were analysed by
electrophoresis on 1±5%(w}v) agarose gels (Litex LSL 4000,
FMC BioProducts Europe) in 1¬ TBE (Tris-borate-EDTA)
buﬀer (Sambrook et al., 1989), stained with ethidium bromide
(0±5 lgm l −") and photographed under UV light. The length of
the DNA fragments was estimated by comparison with a
100 bp DNA ladder (Amersham Pharmacia Biotech).
Cloning and sequencing of the ITS region. The PCR products
of Prochlorococcus PCC 9511T,`Synechococcus' strains PCC
6307 and PCC 7001, and Microcystis aeruginosa PCC 7941,
obtained with primers 322 and 340, were sequenced after
cloning or directly on the PCR products as described by
Iteman et al. (2000).
Alignment and analyses of the ITS sequences. Alignment of
the ITS sequences of Prochlorococcus PCC 9511T and `Syne-
chococcus' PCC 6307 and PCC 7001, together with those of
Prochlorococcus MED4 and MIT9313, available from the
genome sequencing projects, were made manually using
Genedocv. 2.5(http:}}www.psc.edu}biomed}genedoc})and
by reference to the cyanobacterial ITS alignment and second-
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Table 1. Origin and genotypes of Prochlorococcus and ‘Synechococcus’ strains examined
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The two strains for which the genome sequences are available (Prochlorococcus MED4 and MIT9313) and whose ITS sequences were
aligned to those determined in this study are also included in this table.
Strain/genome sequence Origin/depth Genotype* Reference
Prochlorococcus
Axenic
Prochlorococcus PCC 9511T Sargasso Sea, 120 m HLI 1, 2, 3, 4, 5
Non-axenic
Prochlorococcus NATL2 North Atlantic, 30 m HLI 4, 5
Prochlorococcus GP2 West Paci®c, 150 m HLII 4, 5, 6
Prochlorococcus SB Sugura Bay, Japan, 40 m HLII 4, 5, 7,
Prochlorococcus TAK 9803-2 Takapoto atoll, Paci®c, 20 m HLII 4, 5
Prochlorococcus OLI 36 FJA Equatorial Paci®c, 100 m Unknown 8
Prochlorococcus NATL1-MIT North Atlantic, 30 m LL 4, 5
Prochlorococcus CCMP 1375T (SS120) Sargasso Sea, 120 m LL 1, 2, 4, 5
`Synechococcus'
Axenic
`Synechococcus' PCC 7001 Intertidal mat, New York, USA OMF-SYN 1, 9,
`Synechococcus' PCC 6307 Lake water, Wisconsin, USA OMF-SYN 1, 2, 9
`Synechococcus' WH7803 North Atlantic, surface OMF-SYN 10, 11
Non-axenic
`Synechococcus' TAK RED Same as TAK 9803-2 Unknown This study
Genome sequences
Prochlorococcus MED4 (CCMP 1378) Mediterranean Sea, 5 m HLI 2, 3, 4, 5
Prochlorococcus MIT9313 North Atlantic, 135 m LL 3, 4, 5, 11, 12
*ThedistinctionbetweenHLIandHLIIisaccordingtoWest&Scanlan(1999)andWestetal.(2001).OMF-SYN,OMF-`Synechococcus'.
Only references appropriate for the description of the isolates or assignment to phylogenetic clusters (genotypes) are provided. 1,
Chisholm et al. (1992); 2, Urbach et al. (1998); 3, Rippka et al. (2000); 4, Partensky et al. (1999); 5, West & Scanlan (1999); 6, Shimada
et al. (1996); 7, Shimada et al. (1995); 8, F. Partensky, unpublished; 9, Rippka et al. (1979); 10, Waterbury et al. (1986); 11, West et al.
(2001); 12, Moore et al. (1998).
The origin of the axenic strain PCC 9511T is somewhat doubtful (see Rippka et al., 2000).
ary structure models of the rRNA transcripts proposed
by Iteman et al. (2000).
Analyses of the 16S rDNA–ITS overlapping regions. The
sequences of the 16S rDNA±ITS overlapping regions of
Prochlorococcus MED4 and MIT9313, and `Synechococcus'
WH8102, located on contigs 26, 478and 52, respectively, were
obtained by consultation of the genome sequencing projects
(http:}}www.jgi.doe.gov}JGIjmicrobial}html}prochloro-
coccus}prochlojpickastrain.html and http:}}www.jgi.doe.
gov}JGIjmicrobial}html}synechococcus}synechjhome-
page.html).
TheGenBankaccessionnumbersofadditional16SrDNA,ITS
or 16S rDNA±ITS sequences used to investigate the speci®city
of primer 600 are as follows: Synechococcus PCC 6301,
X00436; Synechocystis PCC 6803, D90916; Spirulina PCC
6313, X75045; Arthrospira PCC 8005, X70769; Arthrospira
PCC 7345, X75044; environmental clone ENV WH7B,
AJ007374;SpirulinasubsalsaFACHB351,AF329394;allthese
sequences contain both the 16S rDNA and the ITS region. For
the following strains two sequences were necessary to cover
the 16S rDNA±ITS junction: Trichodesmium NIBB1067,
X70767 (16S rDNA) and X72871 (ITS); Anabaena
(Nostoc)PCC7120,X59559(16SrDNA)andAF180968(ITS);
Nodularia BCNOD 9427, AJ224447 (16S rDNA) and
AJ224448 (ITS). For strains Pseudanabaena PCC 7403 and
PCC 7409, and `Chlorogloeopsis' PCC 7518 (X687580; 16S
rDNA), the 16S rDNA sequence and}or corresponding ITS
were kindly provided by Gerard Van der Auwera and Annick
Wilmotte (see also Iteman et al., 2000).
The sequences of the 16S rDNA±ITS junctions of Arthro-
spira OUQDS6 (AF329393), FACHB438 (AF329392) and
FACHB439 (AF329391) are identical to that of Arthrospira
PCC 7345 and, as for the corresponding sequence of Nostoc
PCC73102(thatshares100%sequenceidentityinthisdomain
with strain Anabaena PCC 7120), are not included in Fig. 4,
but were counted in the total of 24 cyanobacterial 16S
rDNA±ITS junctions compared (see Discussion). The 16S
rDNA and ITS sequences of Nostoc PCC 73102 are
both located on contig 647, available from the genome
sequencing project (http:}}www.jgi.doe.gov}JGIjmicrobial}
html}nostoc}nostocjhomepage.html).
Restriction endonuclease digestion of the ITS amplicons.
After ampli®cation with primer pair 600 and 340, the PCR
products (10±20 ll) of the Prochlorococcus strains were
digested with 5 U of the following restriction enzymes: AluI,
DdeI, EcoRI, EcoRV, HaeIII, HinfI and HindIII (Gibco-BRL,
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Life Technologies), according to the instructions of the
manufacturer.TheDNAfragmentswereseparatedbyelectro-
phoresis for 4±6 h at 60 V on 2±5% (w}v) agarose gels
(Metaphor, FMC, BioProducts) in 1¬ TBE buﬀer (Sambrook
et al., 1989). Staining, DNA size markers and visualization of
the restriction fragments were as described above.
RESULTS
Strain description
The origin and phylogenetic assignments of the axenic
andnon-axenicstrainsofProchlorococcusand`Synecho-
coccus' examined in this study, or whose published ITS
sequences were used for comparative analyses (Pro-
chlorococcus strains MED4 and MIT9313), are de-
scribed in Table 1. `Synechococcus' WH7803 is a
representativeoftheopenocean(Waterburyetal.,1986)
and a close relative of `Synechococcus' WH7805
(Urbach et al., 1998; West et al., 2001); both, like the
impure strain TAK RED, have a high phycoerythrin
content(Waterburyetal.,1986;R. Rippka,unpublished
observation). Strains `Synechococcus' PCC 6307 and
PCC 7001, more distantly related to the former oceanic
L1 234 L L 1234 L 5
bp
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900
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Fig. 1. Agarose gels showing the PCR products obtained by ampliﬁcation of the ITS regions with two different sets of
primers. (a) ITS amplicons with primer set 322 and 340 obtained with four axenic strains of Prochlorococcus and
‘Synechococcus’. Lanes: 1, Prochlorococcus PCC 9511T;2 ,‘ Synechococcus’ PCC 7001; 3, ‘Synechococcus’ PCC 6307; 4,
‘Synechococcus’ WH 7803. (b) PCR products after ampliﬁcation of the ITS regions with primer set 600 and 340. Lanes: 1,
Prochlorococcus PCC 9511T;2 ,‘ Synechococcus’ PCC 7001; 3, ‘Synechococcus’ PCC 6307; 4, ‘Synechococcus’ WH7803; 5,
‘Synechococcus’ TAK RED (non-axenic). Lanes L, 100 bp molecular mass ladder.
strains (Urbach et al., 1998; Rippka et al., 2000), are of
freshwater origin or isolated from a coastal marine
environment, respectively, and neither of them syn-
thesize phycoerythrin (Waterbury & Rippka, 1989;
Herdman et al., 2001).
Ampliﬁcation of the ITS region with primers 322 and
340
With primers 322 and 340, a single PCR amplicon of
diﬀerent size was observed for the axenic strains
Prochlorococcus PCC 9511T and `Synechococcus' PCC
6307, PCC 7001 and WH7803 (Fig. 1a; Table 2). After
subtractionofatotalof200 bpcontributedbytheendof
the 16S rDNA (150 bp) and the beginning of the 23S
rDNA (50 bp), the sizes of the ITS regions amounted to
about 550 bp for Prochlorococcus PCC 9511T and to
about 1000, 1100 and 800 bp, respectively, for `Syne-
chococcus' PCC 6307, PCC 7001 and WH7803. How-
ever,ampli®cationswiththeseprimersperformedonthe
non-axenic strains of Prochlorococcus and `Synecho-
coccus' TAK RED yielded one major and one or more
minor PCR products. The more intense bands observed
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Table 2. Sizes of the PCR products obtained for Prochlorococcus and ‘Synechococcus’ isolates with two different sets
of primers (322 and 340; 600 and 340) and groupings of Prochlorococcus strains based on size and RFLP proﬁles of the
ITS amplicons obtained with primer set 600 and 340
Strain Genotype* Size (bp) of PCR amplicon or ITS ITS RFLP Enzyme and length (bp) of restriction fragments
(in parentheses) with primers: cluster
AluI DdeI HinfI HaeIII
322 and 340 600 and 340
`Synechococcus'
PCC 6307 OMF-SYN 1200 (1010)a 1050 (1010)a nd nd nd nd nd
PCC 7001 OMF-SYN 1300 (1065)a 1100 (1065)a nd nd nd nd nd
WH7803 OMF-SYN 1000 (800) 880 (820) nd nd nd nd nd
TAK RED Unknown 1000 (800) 890 (830) nd nd nd nd nd
Prochlorococcus
PCC 9511T HLI 750 (548)a 600 (548)a
NATL2 HLI 750 (550) 600 (540) I.1 170, 140 (d), 80 260, 130, 80 210 (d) 400, 140
OLI 36 FJA Unknown 750 (550) 600 (540)
TAK 9803-2 HLII 750 (550) 600 (540) I.2A 400, 140
GP2 HLII 750 (550) 600 (540) I.2B 170, 150, 140, 80 380, 80 290, 200, 80
SB HLII 750 (550) 600 (540) 380, 230
SS120 LL 850 (650) 700 (640) II 240, 190, 150, 70 310, 130, 90, 70 380, 200, 130 500, 130
NATL1-MIT LL 850 (650) 700 (640)
nd, Not determined.
*ThedistinctionbetweenHLIandHLIIisaccordingtoWest&Scanlan(1999)andWestetal.(2001).OMF-SYN,OMF-`Synechococcus'.
Since the amplicons include part of the adjacent 16S rDNA and 23S rDNA, the true ITS sizes (indicated in parentheses) were either
determined from the ITS sequences (a) or calculated by subtracting 200 bp from the amplicons if using primers 322 and 340 and 60 bp if
using primers 600 and 340.
Fragments indicated with (d) for `doublets' had a slightly stronger ¯uorescence and correspond most likely to two diﬀerent restriction
fragments of very similar size (see Results).
Althoughminorbandsweregeneratedbythecontaminantswithprimers322and340,onlythesizesofthemajorPCRproductsaregiven.
for ®ve of the impure Prochlorococcus strains (Table 2)
were similar in size (PCR product about 750 bp¯ITS
of 550 bp) to the ITS amplicon of the axenic Prochloro-
coccus PCC 9511T (see Fig. 1a), but they were larger
(PCR product about 850 bp¯ITS of 650 bp) for strains
SS120 and NATL1-MIT (Table 2). The major PCR
product of the impure strain `Synechococcus' TAK
RED amounted, as for the axenic `Synechococcus'
WH7803 (Fig. 1a; Table 2), to an ITS size of about
800 bp (Table 2).
The minor bands repeatedly observed with primer set
322 and 340 were undoubtedly the result of bacterial
contamination.Thiswascon®rmedoncelllysatesof®ve
bacterial strains isolated from two diﬀerent Prochloro-
coccus cultures and for which ITS sizes of 280, 580, 680,
700 and 900 bp could be determined (data not shown).
As shown by our analyses by NCBI blastn 2.1.3
(http:}}www.ncbi.nlm.nih.gov}blast}),theregioncom-
plementarytoprimer322iswellconservedamongmany
prokaryotes, but that complementary to primer 340
corresponds to a signature sequence typical of the 23S
rRNA gene in cyanobacteria and chloroplasts. Hence,
the primer set 322 and 340 is relatively speci®c for
cyanobacteria (Wilmotte et al., 1993; Iteman et al.,
2000), However, as evidenced by the positive ampli®-
cation results with the contaminants, conservation of
both primer regions seems also to be typical of the
marine bacteria associated with the impure Prochloro-
coccus and `Synechococcus' strains examined.
Ampliﬁcation of the ITS region with primers 600 and
340
Given that the standard set of primers (322 and 340)
ampli®ed the ITS of the contaminants, forward primer
322 was replaced by primer 600, whose oligonucleotide
sequencewasdesignedonthebasisofthe16SrDNAand
ITSsequencesofthe axenicProchlorococcusPCC 9511T
(see below). Ampli®cations with this new set of primers
performed on the axenic Prochlorococcus PCC 9511T
and `Synechococcus' strains PCC 6307, PCC 7001 and
WH7803 gave ITS amplicons of the expected size
(compare Fig. 1a, b; see also Table 2). After subtraction
of the 60 bp contributed by the end of the 16S rDNA
(10 bp) and the beginning of the 23S rDNA (50 bp), the
length of the ITS regions amounted, respectively, to
about 540, 1000, 1050 and 820 bp, which is in good
agreement with the estimates based on ampli®cations
with primers 322 and 340 (Fig. 1a). No additional bands
were observed for the impure strain `Synechococcus'
TAKRED(Fig.1b)andthenon-axenicProchlorococcus
isolates (Table 2), demonstrating the higher speci®city
of the new set of primers. Furthermore, PCR reactions
performed at the same temperature (55 °C) as that used
for the Prochlorococcus and `Synechococcus' strains,
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Fig. 2. RFLP of the ITS amplicons of one axenic and seven non-
axenic Prochlorococcus strains obtained with primers 600 and
340 and digested with AluI. Lanes: 1, PCC 9511T (axenic); 2, TAK
9803-2; 3, NATL1-MIT; 4, NATL2; 5, SS120; 6, OLI 36 FJA; 7, SB;
8, GP2; L, 100 bp molecular mass ladder. Note that for
convenience of presentation, the digest of the ITS amplicon of
the axenic strain PCC 9511T (lane 1), examined on the same gel
but not located next to the other Prochlorococcus strains, was
added using Adobe Photoshop.
gave no amplicons with cells of the cyanobacterium
Microcystis aeruginosa PCC 7941 and lysates of the
bacterial strains isolated from the impure Prochloro-
coccus cultures (data not shown).
The sizes of the bands observed after ampli®cation of
the impure Prochlorococcus strains with primer set
600 and 340 (Table 2) were in accordance with those
determined for the major PCR products obtained with
primer pair 322 and 340 (Table 2). Again it was possible
to distinguish strains SS120 and NATL1-MIT from the
other six Prochlorococcus isolates by their larger ITS
size (about 640 versus 540 bp). The latter two strains
correspondtomembersofthe LL cladewhereas,like the
axenic strain PCC 9511T, four of the remaining ®ve
(NATL2, TAK 9803-2, GP2 and SB; Table 2) are
representatives of the HL clade (Urbach et al., 1998;
West & Scanlan, 1999; West et al., 2001; see also
Table 2). The phylogenetic position of strain OLI 36
FJA is unknown, but based on its ITS size (about
550 bp) would also be assignable to the HL clade. The
size of the ITS of the impure strain of `Synechococcus'
TAK RED (830 bp; see Fig. 1b and Table 2) proved
again similar to that of the axenic `Synechococcus'
WH7803 (820 bp; see Fig. 1a, b and Table 2).
Restriction fragment length polymorphism (RFLP) of
the ITS amplicons
The ITS amplicons of the seven non-axenic Prochloro-
coccus isolates and of the axenic strain PCC 9511
obtained with primer set600 and 340 were digested with
seven diﬀerent restriction enzymes. Although no cutting
sites could be identi®ed for any of the ITS amplicons
with the enzymes EcoRI, EcoRV and HindIII (not
shown), RFLP was observed with the remaining four
enzymes tested (Table 2). A representative gel of
amplicons restricted with AluI is shown in Fig. 2.
Depending on the restriction enzyme employed, the
RFLP patterns were composed of two to four bands
between 70 and 500 bp (Table 2) and it was possible to
distinguish three RFLP subclusters (I.1, I.2A and I.2B)
among the strains that yielded a small ITS amplicon
(about600 bp;Table2).SubclusterI.1regroupstheHLI
strains PCC 9511T and NATL2 (West & Scanlan,
1999; Rippka et al., 2000) and includes OLI 36 FJA,
whose phylogenetic position was previously unknown.
Apart from fragments of short length (less than 70 bp)
that were not detected (and thus the sum of the
fragments may not add up perfectly to the size of the
amplicons), the bands visualized by gel electrophoresis
for the ITS amplicons of members of RFLP cluster I.1
are in good agreement with those expected on the basis
of the restriction sites identi®ed by DNA Strider 1.2
(Christian Marck, CEA, France) for the ITS sequence of
Prochlorococcus MED4 (from the genome sequencing
project) and that of Prochlorococcus PCC 9511T (see
below). The latter analysis also con®rmed the existence
of restriction fragments of similar size (139 and 141 bp
for AluI and 207 and 209 bp for HinfI) that are only
revealedasasingleband(`doublets',Table2)ofslightly
stronger ethidium bromide ¯uorescence on the gels (see
also Fig. 2, after restriction of the amplicons with AluI).
Strains of RFLP subclusters I.2A and I.2B (TAK9803-2,
GP2 and SB) correspond to the HLII clade (West &
Scanlan, 1999; West et al., 2001), but strain TAK9803-2
(subclusterI.2A)diﬀersbyhavingthesameHaeIIIRFLP
pro®le as strains of subcluster I.1, whereas strains GP2
and SB (subcluster I.2B) share a distinct banding pattern
with this enzyme (Table 2). In contrast, strains Pro-
chlorococcus SS120 and NATL1-MIT, that resulted in a
larger ITS amplicon (about 700 bp; Table 2) and
correlate with the LL clade (Urbach et al., 1998; West &
Scanlan, 1999; Rippka et al., 2000), could not be further
subdivided by ITS RFLP with the number of enzymes
examined (Table 2).
Sequences and alignments of the ITS
The sequences of the ITS regions were determined for
Prochlorococcus PCC 9511T and two of the `Syne-
chococcus' strains (PCC 6307 and PCC 7001). They
were compared to those of Prochlorococcus MED4 and
MIT9313, using as a reference the cyanobacterial ITS
alignmentproposedbyItemanetal.(2000).Inagreement
withpreviousconclusionsconcerningthepossibleident-
ity of strains Prochlorococcus PCC 9511T and MED4
(Rippka et al., 2000), sequence comparison demon-
strated that the ITS of these two strains are identical
(data not shown). Consequently, the ITS sequence of
strain MED4 was omitted from the alignment shown in
Fig. 3. For the reasons discussed below, the alignment
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Fig. 3. Alignment of the nucleotide sequences of the end of the 16S rRNA gene and the ITS region of Prochlorococcus
PCC 9511T, Prochlorococcus MIT9313, ‘Synechococcus’ PCC 7001 and ‘Synechococcus’ PCC 6307. Percentage identity is
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also includes the last 10 nt of the 16S rRNA gene. This
region, together with that covering the ®rst 10 nt of the
ITS, is fully conserved in all sequences compared (Fig.
3), including MED4 (data not shown). In agreement
with the approximate relative molecular mass deter-
minedfortheITSamplicons(seeFig.1a, bandTable2),
the ITS sequences for Prochlorococcus PCC 9511T (and
MED4), `Synechococcus' PCC 6307 and PCC 7001 are
548, 1010 and 1065 bp in length, respectively. Strain
Prochlorococcus MIT9313, a deeply branching member
of the LL clade (Moore et al., 1998; West & Scanlan,
1999; West et al., 2001), has an ITS of intermediate
length (829 bp), compared to the two HLI strains
Prochlorococcus PCC 9511T and MED4 and strains
`Synechococcus'PCC6307andPCC7001(Fig.3),but is
similar in size to the ITS of 820 and 830 bp determined,
respectively, for the oceanic `Synechococcus' strains
WH7803 (Fig. 1a, b; Table 2) and TAK RED (Fig.
1b; Table 2).
The mean DNA base composition of the ITSs also diﬀer
considerably, being lowest for Prochlorococcus PCC
9511T (38±3m o l%G ­C), intermediate for Prochloro-
coccusMIT9313(45±1m o l%G ­C,asdeterminedfrom
the genome sequencing project) and signi®cantly higher
in the two `Synechococcus' strains PCC 6307 and PCC
7001 (54±2 and 58±0m o l%G ­C, respectively).
In spite of the diﬀerences in size and base composition,
as well as extensive sequence divergence in the more
variable regions of the four ITS sequences aligned,
common conserved domains, such as the two tRNA
genes (encoding tRNAIle and tRNAAla), could be
identi®ed (Fig. 3) and also include box A and motifs D1,
D1« and D4 (Fig. 3), the former being important for
transcriptional antitermination, the latter three for
folding of the rRNA transcripts (Iteman et al., 2000).
DISCUSSION
The eight strains of Prochlorococcus examined (Table
2) could be subdivided into two ITS clusters by minor
size diﬀerences (about 550 and 650 bp, corresponding to
the HL and LL genotypes, respectively). However, the
LL strain Prochlorococcus MIT9313, that in phylo-
genetic trees inferred from 16S rDNA sequences is
distinctfromtheabovemembersofthisgenus(Mooreet
al., 1998; Urbach et al., 1998; Rippka et al., 2000; West
et al., 2001), has a larger ITS (829 bp as revealed by the
genome sequence) that is similar in size to that of the
oceanic `Synechococcus' strains WH7803 and TAK
RED (about 820 and 830 bp, respectively, Table 2) and
WH8102 (806 bp from the available genome sequence).
Both the freshwater and coastal marine isolates `Syne-
chococcus' PCC 6307and PCC 7001 that form a distinct
clade in phylogenetic trees (Urbach et al., 1998; West &
represented by three colours: blue for 100%, green for 75% and red for 50%, gaps being treated as differences.
Conserved motifs D1, D1’, box A and D4 are indicated by reference to the ITS alignment and secondary structural models
of the rrn transcripts of Iteman et al. (2000). The G­C values given at the end of the alignment are those of the ITS, with
the last 10 bases of the 16S rDNA excluded.
Scanlan, 1999; Rippka et al., 2000; West et al., 2001)
couldbedistinguishedfromalltheabovestrainsbytheir
very long ITS (1010 and 1065 bp, respectively), which
even among bacteria is exceptional. Indeed, a survey of
855 bacterial ITS sequences presently available in
GenBank revealed that only representatives of two
genera (Bartonella and Bradyrhizobium) have an ITS of
equivalent or slightly greater length.
In contrast to ®lamentous cyanobacteria that often
have more than one rrn operon with ITS regions of at
least two diﬀerent sizes (Lu et al., 1997; West &
Adams, 1997; Neilan et al., 1997; Iteman et al., 1999,
2000; Barker et al., 1999), a single ITS amplicon was
observed for all strains of Prochlorococcus and `Syne-
chococcus'. This may suggest that, like in the genomes
of Prochlorococcus MED4 and MIT9313 and the
oceanic `Synechococcus' WH8102, a single rrn operon
exists in all the strains examined here. However, it is
alsopossiblethat,atleastinsomeoftheseisolates, more
than one copy of the rrn operon is present in their
genome, but that the corresponding ITS regions are
identical or very similar in size, as is the case for the
unicellular cyanobacteria Synechococcus PCC 6301 and
Synechocystis PCC 6803, both of which have two nearly
identical ITSs (Williamson & Doolittle, 1983; Tomioka
& Sugiura, 1984; Iteman et al., 2000). If multiple rrn
copies exist in the genomes of the strains of Pro-
chlorococcus examined, both the sizes and recognition
sequences of their ITS seem to be identical, since the
sums of the restriction fragments are in fair agreement
with the lengths of the ITS amplicons (Table 2) and not
larger, as would be the case if there were sequence
variations in the recognition sites.
The groupings obtained by RFLP of the ITS amplicons
for the eight strains of Prochlorococcus examined,
correlated well with the three diﬀerent genotypes (HLI,
HLII and LL) recognized on the basis of 16S rRNA gene
sequences (Urbach et al., 1998; West & Scanlan,
1999; Rippka et al., 2000; West et al., 2001) and other
molecular characterizations (Scanlan et al., 1996; Ur-
bach et al., 1998; West & Scanlan, 1999; West et al.,
2001).This clearlydemonstrates theoverall valueofthis
simple technique. However, it was not possible to
discriminate between the two LL representatives SS120
and NATL1-MIT, although, based on 16S rDNA
analyses,theyareslightlymoredistantfromoneanother
than are the more interrelated HLI and HLII strains
(Urbach et al., 1998; West & Scanlan, 1999; West et al.,
2001).Thus,forahigherlevelofdiscriminationbetween
these two LL strains, analyses with a wider range of
restriction enzymes or ITS sequence information will be
required. The low degree of divergence in the 16S rRNA
genes between the most distantly related HL and LL
representatives of Prochlorococcus (97±3% similar-
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Fig. 4. Alignment of sequences overlapping the 16S rRNA gene
and the ITS region of 20 cyanobacteria. The vertical bar on the
left of the alignment indicates the cluster of strains sharing
100% identity; boxed motifs denote blocks of conserved
domains within all the sequences presented. The sequences
shown correspond from top to bottom to the following
cyanobacterial strains or environmental clones: Prochlorococcus
PCC 9511T, MED4 and MIT9313; ‘Synechococcus’ PCC 6307, PCC
7001 and WH8102; Microcystis PCC 7941; Pseudanabaena PCC
7409; Synechococcus PCC 6301; Synechocystis PCC 6803;
Spirulina PCC 6313; Trichodesmium NIBB1067; Pseudanabaena
PCC 7403; Arthrospira PCC 8005; Anabaena (Nostoc) PCC 7120;
Nodularia BCNOD9427; ‘Chlorogloeopsis’ PCC 7518; environ-
mental clone ENV WH7B; Arthrospira PCC 7345; and Spirulina
subsalsa FACHB351. Accession numbers of the sequences used
for this alignment are listed in Methods.
ity; West et al., 2001), suggests that the three RFLP
groupings (I.1, I.2A and I.2B) obtained for the HL
strains may correspond to distinctions at the subspecies
level. In contrast, the larger ITS size and diﬀerent RFLP
pro®les observed for the two LL strains, compared to all
HL isolates, would be consistent with them being
members of a diﬀerent species. However, con®rmation
of these postulated taxonomic relationships needs to
await DNA±DNA hybridization studies.
Analyses of the region covering the last 10 bp in the 16S
rRNA gene and the ®rst 10 bp in the ITS for a total of 24
cyanobacteria, for which this sequence information is
presently available (see Methods), revealed the speci®-
city of the new primer 600. As shown in Fig. 4, only
Prochlorococcus PCC 9511, MED4 and MIT9313, and
strains PCC 6307, PCC 7001 and the oceanic `Syne-
chococcus' WH8102 show 100% sequence identity
within the complementary target domain. For all other
cyanobacteria, three or more mismatches could be
identi®ed (Fig. 4) and, as experimentally con®rmed for
the randomly chosen cyanobacterium Microcystis aeru-
ginosa PCC 7941, are suﬃcient to prevent PCR ampli-
®cation, if using an annealing temperature of 55 °C.
Consequently, with this new group-speci®c primer the
ITS region can be selectively ampli®ed from Pro-
chlorococcus and all `Synechococcus' strains of the
OMF-`Synechococcus' clade, even if the cultures are
contaminated by several diﬀerent bacteria. The latter is
particularly important for the genus Prochlorococcus,
since only a single axenic strain (PCC 9511T) of this
genus is presently available (Rippka et al., 2000).
The G­C content of the ITS (Fig. 3) correlated well
with large diﬀerences in the mean DNA base com-
position determined for the total DNA of these organ-
isms (Herdman et al., 1979b; Waterbury et al., 1986;
Rippka et al., 2000), or deduced from the genome
sequencing projects (for Prochlorococcus MED4 and
MIT9313). The two HLI strains, Prochlorococcus PCC
9511T and MED4, have an identical ITS with the lowest
G­C content (38±3m o l%G ­C; see Fig. 3; for MED4,
data not shown), re¯ecting the low mean DNA base
composition (32 and 30±9m o l%G ­C, respectively) of
their total genomic DNA. In contrast, the mean DNA
base composition of the ITS for `Synechococcus' PCC
6307andPCC7001ismuchgreater(54±2and58±0 mol%
G­C), which is largely consistent with their higher
total DNA base composition (69±7 and 69±5 mol%
G­C, respectively). The deeply branching LL strain
ProchlorococcusMIT9313hasanITSofanintermediate
G­C content (45±1m o l%G ­C) and the mean DNA
base composition (50±8m o l%G ­C) of its genome is,
like the length of its ITS (829 bp), closest to oceanic
representatives of `Synechococcus' (55±62 mol%
G­C; Waterbury et al., 1986). Thus, in contrast to the
16S rRNA genes whose G­C content spans a very
narrow range (53±55 mol% G­C for Prochlorococcus
and OMF-`Synechococcus' strains, compared to
51±59 mol% G­C for the remaining 500 cyano-
bacterial 16S rDNA sequences presently available in our
database), even if the strains diﬀer widely in total mean
DNA base composition (32±70 mol% G­C), it seems
clear that the ITS region serves as a better indicator of
divergence at the genomic level than the more conserved
rDNA.
In spite of diﬀerences in size and mean DNA base
composition, comparison of the new ITS sequences of
Prochlorococcus PCC 9511T and the two `Syne-
chococcus' strains(PCC 6307 and PCC 7001)with those
of Prochlorococcus MIT9313 (Fig. 3) and MED4 (data
not shown), revealed valuable insights. Several con-
served domains important either for transcriptional
antitermination (box A) or folding (the complementary
domains D1 and D1« close to the 5« end of the ITS,
together with domain D4 immediately adjacent to box
A) of the rRNA transcripts were identi®ed as in other
cyanobacteria (Iteman et al., 2000) and two tRNA genes
encoding tRNAIle and tRNAAla were found for all
strains. This is in contrast to some other cyanobacterial
ITSs that may lack one or both tRNA genes (Iteman et
al., 2000). As in most other cyanobacterial ITS regions
(Iteman et al., 2000), both tRNA genes lack the 3«-
terminal CCA extension found in many bacteria, al-
though they contain the characteristic subterminal CCA
sequence that appears to be typical of cyanobacteria
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(Iteman et al., 2000). The overall sequence similarity of
the ITS sequences, including some of the more variable
domains, was also higher among these ®ve strains than
that observed with respect to the ITS of other cyano-
bacterial genera (compare Fig. 3 with Fig. 3 of Iteman et
al., 2000). However, major diﬀerences in sequence are
evident in certain regions. Prochlorococcus MIT9313
diﬀers from strain PCC 9511 in possessing a long insert
(positions 883±1001; Fig. 3) and 12 short inserts situated
throughout the ITS. These inserts are also observed
in `Synechococcus' strains PCC 6307 and PCC 7001,
although the latter organisms diﬀer in the positions of
additionalinsertsthatfurtherincreasethelengthoftheir
ITS regions beyond that of strain MIT9313: the most
signi®cant of these start at alignment positions 44, 64,
181, 258, 304, 336, 589, 746 and 1116 for PCC 6307, and
at 138, 157, 258, 304, 443, 556, 649, 691, 1078 and 1132
for PCC 7001. Since strains PCC 6307 and PCC 7001
diﬀer markedly in sequence in certain regions, similar
ITS sizes do not necessarily indicate close genetic
relationships. However, in the case of Prochlorococcus
MIT9313 and the oceanic `Synechococcus' strain
WH7803, for which the phylogenetic relationship is
known (West et al., 2001), the similarity in length of this
domain may be of signi®cance. Indeed, in 16S rRNA
gene trees, strain MIT9313 together with Prochloro-
coccus MIT9303, occupies a position that forms the
root of the LL Prochlorococcus clade and is closest
to the oceanic cluster of the OMF-`Synechococcus'
clade (West et al., 2001).
TheavailabilityofthethreenewITSsequences,together
with those of Prochlorococcus MED4 and MIT9313,
should permit the design of new primers that, in
combination with the group-speci®c primer set 600 and
340, may be used to achieve identi®cation of strains or
®eld samples at diﬀerent resolution (i.e. at a lower or
higher taxonomic rank) by PCR. In addition, probes
complementary to discriminatory regions of the ITS
may also be designed and labelled to attempt single-cell
hybridization and detection by light microscopy or ¯ow
cytometry, possibly resulting in a higher speci®city of
identi®cation than is presently achieved with probes
targeting the more conserved 16S rRNA molecule (West
et al., 2001; Worden et al., 2000). However, the search
for such speci®c primers or probes will pro®t from the
determination of additional ITS sequences. Finally, as
more complete 16S and 23S rRNA gene and ITS
sequences become available, secondary structure analy-
ses will provide valuable insights into evolutionary
aspects of these domains in the ribosomal operon of
cyanobacteria from oceanic, marine and freshwater
environments.
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